Exposure to mating pheromone in haploid Saccharomyces cerevisiae cells results in the arrest of the cell cycle, expression of mating-specific genes, and polarized growth toward the mating partner. Proteins involved in signaling, polarization, cell adhesion, and fusion are localized to the tip of the mating cell (shmoo) where fusion will eventually occur. The mechanisms ensuring the correct targeting and retention of these proteins are poorly understood. Here we show that in pheromone-treated cells, a reorganization of the plasma membrane involving lipid rafts results in the retention of proteins at the tip of the mating projection, segregated from the rest of the membrane. Sphingolipid and ergosterol biosynthetic mutants fail to polarize proteins to the tip of the shmoo and are deficient in mating. Our results show that membrane microdomain clustering at the mating projection is involved in the generation and maintenance of polarity during mating.
Exposure to mating pheromone in haploid Saccharomyces cerevisiae cells results in the arrest of the cell cycle, expression of mating-specific genes, and polarized growth toward the mating partner. Proteins involved in signaling, polarization, cell adhesion, and fusion are localized to the tip of the mating cell (shmoo) where fusion will eventually occur. The mechanisms ensuring the correct targeting and retention of these proteins are poorly understood. Here we show that in pheromone-treated cells, a reorganization of the plasma membrane involving lipid rafts results in the retention of proteins at the tip of the mating projection, segregated from the rest of the membrane. Sphingolipid and ergosterol biosynthetic mutants fail to polarize proteins to the tip of the shmoo and are deficient in mating. Our results show that membrane microdomain clustering at the mating projection is involved in the generation and maintenance of polarity during mating. V irtually all cell types generate asymmetries of one type or another at their plasma membrane. Epithelial cells establish junctional complexes between adjacent cells that function as barriers to prevent mixing of apical and basolateral membrane components (1) . In other contexts, such as cell migration and immunological synapse formation, cells are able to generate and maintain highly polarized phenotypes without making use of permanent diffusion barriers (2, 3) . In both cases membrane microdomains known as lipid rafts are a fundamental component of the polarization process. Lipid rafts are thought to be formed by the tight packing of the long and highly saturated acyl chains of sphingolipids together with sterols (4). They form platforms for polarized protein delivery and membrane compartmentalization (5) . Different proteins [e.g., glycosylphosphatidylinositol (GPI)-anchored protein] specifically associate with lipid rafts and are thus sorted or retained in a polarized fashion.
Budding yeast Saccharomyces cerevisiae exhibits different types of cell polarity. During budding, growth is restricted to a zone adjacent to the previous budding site (haploids) or at either pole of the cell (diploids) (6) . First, a hierarchy of positional signals defines the bud site (6) . Then growth is focused there and restricted to the new bud by a diffusion barrier made of septins that is placed as a collar at the neck between mother and daughter cell (6) (7) (8) (9) (10) . Yeast also exhibit polarized growth during mating. Binding of pheromone secreted by cells of the opposite mating type to specific membrane receptors results in the stimulation of a mitogen-activated protein kinase signaling cascade (11, 12) and polarized growth toward the mating partner (13) . Pheromone signaling leads to the arrest of the cell cycle, induction of mating-specific genes, and the recruitment of signaling, polarity establishment, and cell adhesion proteins to the site of growth (14) (15) (16) (17) . Polarized growth leads to the formation of a mating projection toward the mating partner, thus bringing the cells in direct contact (18) . Then, after the cell wall in the contact zone between both cells is removed, fusion factors promote fusion of the cells. Several fusion mutants have been isolated (19) (20) (21) (22) . Interestingly, most of the proteins required for cell fusion have been shown to be localized to the mating projection. However, little is known about the mechanisms responsible for the polarization of these proteins. Previously, we have demonstrated that ergosterol-sphingolipid rafts are required for the correct sorting of the major plasma membrane ϩ H-ATPase Pma1p (23, 24) . In this work, we show that lipid rafts are clustered at the tip of the mating projection. Proteins destined to the mating projection partition into lipid rafts and are thus retained and segregated from the rest of the membrane.
Materials and Methods
Strains and Plasmids. The following strains are derived from RH690-15D (a his4 ura3 leu2 lys2 bar1) (23) and were generated by fusion of the indicated genes with the coding sequence of the IgG-binding domain of Staphylococcus aureus protein A (PA) as described (25) (27) , AAY1017 (28) , and 2239 (28) have been described. RH690-13B (a lcb1-100 lcb3::KanMx his4 ura3 leu2 lys2 bar1) was obtained from H. Riezman (University of Basel, Basel), and 2339 (a ura3 leu2 kar1-1) was obtained from M. Rose (Princeton University, Princeton). FUS1-GFP chromosomal fusions in RH690-15D (MBY229) and CKY698 (MBY1202) were done with a PCR-based method as described (25) by using pMBQ41 as template. FUS1-PA fusions in RH3622 (MBY240) and RH690-13B (MBY223) were done as indicated above. MBY245-2c (a lcb1-100 ura3 leu2 lys2 bar1) was generated by using standard techniques (28) . To construct pMBQ30 and pMBQ32, FUS1 and YPL176c, respectively, were amplified by PCR with XbaI͞BamHI (FUS1) or XbaI͞EcoRI (YPL176c) sites at the ends and ligated with GFP (flanked by BamHI and HindIII sites) into p416 (29) . pMBQ31 was constructed by replacing the central portion (300-1,260) of GAS1 with GFP and ligated into p416. pMBQ41 was generated by replacing PA in pBS1365 (PA-tagging cassette) with GFP. All yeast media were prepared as described (28) . Gap1-GFP was expressed from pCK230 (27) .
Lipid Analysis. Cells were grown in yeast extract͞peptone͞ dextrose (YPD) to OD 600 ϭ 1 and then treated with ␣-factor (5 M) for 3 h. Then cells were lysed as described (24) , and half of the sample was extracted with 1% Triton X-100 (TX100) or 1% 3-[(3-cholamidopropyl)dimethyl-ammonio]1-propane sulfonate (CHAPS) at 4°C for 30 min and the rest was incubated only with buffer. After Optiprep density gradient centrifugation, lipids were extracted from the upper fraction and ergosterol was quantified as described (23) . The percentage of detergentresistant membrane (DRM)-associated ergosterol corresponds to the ratio of detergent resistant vs. total ergosterol in membranes. To determine the pattern of DRM-associated phospholipids, cells were labeled with [ 32 P]orthophosphate with or without the addition of ␣-factor for 3 h. Cells were lysed, and the fraction of the indicated lipid species in DRM (in CHAPS) was determined as described (23) .
Microscopy. Except for the rhodamine-phalloidin staining, cells were imaged live in synthetic medium. For visualization of sterol-rich domains, cells were incubated in complete synthetic medium with filipin (9 g͞ml prepared in DMSO) for 15 min at room temperature. Then cells were washed three times in medium and mounted for microscopy in the same medium. Images were captured in an Olympus BX61 microscope equipped with a charge-coupled device camera (Diagnostic Instruments, Sterling Heights, MI) with a ϫ100 lens.
DRM Association, Immunoprecipitation, and Immunobloting. Western blotting and immunoprecipitation of PA-tagged proteins were done as described (25) . Fus1-GFP and Gap1-GFP were immunoprecipitated as described (24) by using anti-GFPspecific Abs raised in our lab. DRM association was analyzed by using TX100 or CHAPS as described (24) .
Results
Fus1p is a type I membrane protein localized to the tip of mating projections and is required for cell fusion (19, 30) . To investigate how the polarized localization is achieved, we expressed Fus1 tagged with GFP (Fus1-GFP) under the control of a truncated (weak) version of the inducible GAL1 promoter (GALS) (29) . On induction of expression in vegetative growing cells, Fus1-GFP fluorescence was concentrated in the bud with little signal in the mother cell (Fig. 1a) . After turning off protein production, the pool of Fus1-GFP already present in the membrane did not move into the plasma membrane of the new daughter cell (Fig.  1b) . This result indicates that diffusion of Fus1-GFP along the membrane plane between mother and bud was prevented as also shown before for GFP-Ist2p (9). When ␣-factor was added after Fus1-GFP synthesis had been turned off, cell surface Fus1-GFP polarized toward the presumptive mating-projection site after 1 h and localized to the tip of the process after 2 h (Fig. 1b) . This result shows that on addition of pheromone, polarization of Fus1-GFP happened in the absence of polarized secretion. Consistent with previous results (31), the maintenance of this polarization was actin-dependent. After complete disruption of the actin cytoskeleton, Fus1-GFP was localized in dots that were distributed along the entire surface of the cell (Fig. 1c) .
The highly polarized structure of the mating projection is reminiscent of the mammalian immunological synapse (3). On activation the T cell receptor becomes detergent resistant. A cluster of proteins and lipid rafts are recruited to the site of contact with the antigen-presenting cell whereas detergentsoluble proteins are excluded (5). Similar to yeast mating cells, the stability of the ensemble is kept for several hours by an actin scaffold. To analyze whether lipid rafts also are involved in yeast mating, we first investigated the biosynthetic levels of ergosterol, phospholipids, and sphingolipids by labeling control and ␣-factor-treated cells with [ Although synthesis of phospholipids remained unchanged, a 30% increase for ergosterol biosynthesis was observed (data not shown). Then we analyzed the DRM association of these lipids in TX100 and CHAPS. Interestingly, although the amount of TX100-insoluble ergosterol did not change upon ␣-factor treatment, a 50% increase in CHAPS-insoluble ergosterol was found in ␣-factor-treated cells (Fig. 2a) . Next, we checked the behavior of [ 32 P]orthophosphate-labeled glycerophospholipids and sphingolipids in ␣-factor-treated cells by using CHAPS. Similar to the results with TX100, all sphingolipid species were mostly CHAPS-resistant (Ϸ80%) in ␣-factor-treated and control cells (Fig. 2b) . Interestingly, mannose-(inositol phosphorus)2-ceramide (MP2C) DRM association was increased by Ϸ50% after ␣-factor treatment. In contrast, glycerophospholipids were mostly soluble, although to a lesser extent than in TX100. Therefore we decided to use CHAPS for studying the role of lipid rafts in mating.
Next, we investigated whether Fus1-GFP associated with DRMs. Approximately 50% of Fus1-GFP was immunoprecipitated from the detergent-resistant fraction (R) after density gradient centrifugation (Fig. 3g) . Similar to Fus1-GFP, GFP-GPI, a Gas1-derived marker for DRMs (23) , also concentrated at the tip of the mating projection (Fig. 3b) , even though the protein was expressed before the addition of pheromone. Next, we investigated the fate of detergent-soluble proteins. We have previously demonstrated that human transferrin receptor does not associate with DRMs when expressed in yeast (23) . A GFP fusion of yeast transferrin receptor-like YPL176c (YPL176-GFP) localized in a punctate pattern along the surface of the body of the cell, mostly excluded from the shmoo tip (Fig. 3c) , and also was detergent-soluble (Fig. 3g) . We also examined the amino acid permease Gap1. To prevent vacuolar targeting of Gap1-GFP, we used a bul1⌬ bul2⌬ mutant strain in which the protein is efficiently targeted to the surface (27) . In contrast to GFP-GPI, Gap1-GFP was localized to the surface membrane around the body of the cell and was excluded from the tip of the shmoo (Fig. 3d) ; Fus1-GFP, and GFP-GPI localization in this background remained polarized as in WT cells (data not shown). Importantly, most (88%) of Gap1-GFP was found in the detergent-soluble (S) fraction (Fig. 3g) . These data suggest that a lipid raft-dependant mechanism regulates the segregation of different proteins at the surface of ␣-factor-polarized cells. Next, we examined the distribution of sterols at the plasma membrane by using filipin. In unpermeabilized control cells, filipin stained more or less evenly the plasma membrane (Fig. 3e) . In contrast, in ␣-factor-treated cells sterols were concentrated at the tip of the shmoo (Fig. 3f ) , indicating that sterol-rich domains are clustered there. Next we investigated whether other membrane proteins known to be localized to the mating projection also would be DRM-associated. Mating projection-localized Fus2 (32), Fig1 (22), Sho1 (33), Ste6 (34) , and Prm1 (21) all were found to be significantly detergent-resistant (Fig. 3h) .
We next addressed the issue of whether the shmoo tiplocalized markers are detergent resistant in situ. To do so we treated cells expressing Fus1-GFP with cold TX100 (35) . After treatment with detergent, Fus1-GFP remained on the cell surface in vegetative growing cells. The staining became patchy, indicating that the detergent-resistant pool of Fus1-GFP aggregated when the detergent-sensitive membrane was extracted. When the experiment was performed in ␣-factor-polarized cells, Fus1-GFP remained as a continuous detergent-resistant domain at the tip of the shmoo (Fig. 4) . Consistent with this finding, GFP-GPI also remained resistant to extraction with cold detergent. In contrast, Gap1-GFP was solubilized. These data, together with the concentration of sterols at the tip of the shmoo, demonstrate that lipid rafts are clustered at the tip of mating projections.
To further analyze the possible role of lipid rafts in shmoo polarization, we used the erg6⌬ and lcb1-100 lcb3⌬ lipid mutants. The erg6⌬ mutant, which cannot make ergosterol, is defective in endocytosis (26) and, interestingly, mates with reduced efficiency (36) . The lcb1-100 lcb3⌬ double mutant has reduced sphingolipid levels at 24°C (shows a total biosynthetic block at 37°C) and also is impaired in endocytosis at 37°C (37) . To examine the maturation of PA-tagged Fus1 (Fus1-PA) in WT and mutant cells, we performed a pulse-chase experiment. In WT cells, at the beginning of the chase Fus1-PA is present as a precursor (p), endoplasmic reticulum (ER) form (30) , and a more glycosylated (m1), Golgi form (30) that is further processed to yield an additional mature form (m2) (Fig. 5a) . The protein was expressed and processed similarly in mutant cells (Fig. 5a ), indicating that pheromone signaling and induction of matingspecific genes were normal and, that no defect in ER to Golgi transport of Fus1-PA occurred at 24°C. Under these conditions, Fus1-PA DRM association was significantly reduced in both mutants compared to WT cells (Fig. 5b) . We next analyzed the localization of Fus1-GFP and GFP-GPI. In WT cells, both Fus1-GFP and GFP-GPI were found in the tip of the projection in most (94% and 78%, respectively) of the cells (Fig. 5c) . In contrast, in erg6⌬, only a small fraction of the cells showed a polarized localization of the markers (30% for Fus1-GFP and 23% for GFP-GPI). Fus1-GFP was localized in a very broad region of the shmoo or randomly distributed in the entire surface (40% and 30% of the cells, respectively); the Fus1-GFP signal in the vacuole was also more prominent (Fig. 5c ). This defect was even larger for the lcb1-100 lcb3⌬ double mutant; only 21% for Fus1-GFP and 5% for GFP-GPI of the cells showed polarized distribution of the markers (Fig. 5c ). This polarization defect was also present at the membrane lipid level because sterols also were distributed in a less polarized fashion than in WT cells (Fig.  5d) . These results indicate that in permissive conditions (24°C, YPD, 3 M ␣-factor) the mutants still formed shmoos with normal frequency (data not shown), expressed Fus1, and exhibited a polarized actin cytoskeleton (data not shown); however, they could not retain the marker proteins Fus1-GFP and GFP-GPI in the tip of the projection (Fig. 5) . The clustering of mating-specific proteins to the fusion zone suggests that their function in cell fusion may depend on their effective concentration in the region of cell-to-cell contact. Therefore, we decided to test the effect of different lipid biosynthetic mutants on mating efficiency by using quantitative mating assays (19) . A requirement for sterols in mating has been shown (38) . The mating efficiency of erg6⌬ cells with a WT partner was reduced 2-fold Fig. 4 . DRMs are clustered at the tip the mating projections. The distribution of DRM-associated Fus1-GFP was investigated by treating the cells with cold TX100 (1%) for 30 min. In budding cells, Fus1-GFP was partially extractable with cold detergent; the DRM-associated pool was found in patches along the entire surface of the bud. The arrowheads mark the vacuole. In contrast, in ␣-factor-treated cells Fus1-GFP remained as a continuous detergent-resistant domain at the tip of shmoos. Gap1-GFP, but not GFP-GPI, was sensitive to extraction in ␣-factor-treated cells. compared to WT cells (Fig. 6) . Interestingly, when erg6⌬ cells were mated to an lcb1-100 partner that did not show any defect when mated to a WT strain the mating efficiency dropped Ͼ80-fold. A similar bilateral mating defect was observed when both partners had the lcb1-100 allele. Finally, the mating efficiency of lcb1-100 lcb3⌬ cells with a WT partner was reduced 12-fold. Thus, mutants with reduced levels of DRM-associated lipids (23) showed impaired mating although conditions were permissive for other aspects of the pheromone response.
Altogether our results suggest that polarized localization of proteins to the mating projection uses lipid rafts as a platform for membrane segregation. Yet, an additional sorting step between different types of raft-associated proteins is necessary. Although all of the mating projection-localized membrane proteins that we tested were DRM-associated (Fig. 3) , not all DRM-associated proteins are retained in the mating projection. The glucose transporter Hxt2 was resistant to detergent extraction but is nevertheless excluded from the tip of the shmoo (Fig. 7) .
Discussion
In this study, we have investigated the process of polarization during yeast mating. Altogether our results show that on exposure to pheromone the plasma membrane of yeast undergoes a process of reorganization that results in the clustering of lipid rafts at the mating projection. Proteins are destined to the tip of the mating projection partition into lipid rafts and become thus polarized at the cell surface.
In the mating response, cells polarize toward a mating partner with which they will fuse. Polarization and fusion require the correct targeting of specific proteins to the tip of the mating projections. Our results show that lipid rafts are required for the segregation of different domains at the surface of mating cells. The compartmentalization of raft and non-raft membrane domains could start as early as the endoplasmic reticulum (ER) because raft association starts there (23) and Gap1p and GPIanchored Gas1p are sorted into different populations of ER to Golgi vesicles (39) . The process of polarization of the plasma membrane during mating is illustrated by the dramatic change in the distribution of sterol-rich domains on exposure to pheromone ( Fig. 3 e and f ) . Importantly, the tip of the mating projection appears to be a cluster of DRMs. Treatment of cells with cold TX100 reveals that Fus1-GFP-containing DRMs are interspersed at the surface of budding cells with detergentsoluble membrane domains (Fig. 4) . In contrast, in mating cells DRMs form a highly polarized cluster at the tip of the mating projections that seems to be continuous (Fig. 4) . Although polarized secretion is a major driving force for the localization of proteins to the mating projection, several lines of evidence indicate that additional mechanisms are involved. Previously expressed and surface localized Fus1-GFP becomes polarized on addition of pheromone in conditions that prevent new synthesis (Fig. 1b) . Moreover, in lipid biosynthetic mutants that affect lipid raft function, Fus1-GFP and GFP-GPI are secreted in a polarized fashion but cannot be retained at the tip of the mating projection (Fig. 5) . This is not the result of a defect in endocytosis or actin polarity because the experiments were done in permissive conditions in which both endocytosis and actin polarity were not significantly affected. In addition, several different endocytosis mutants do not show mating defects (20) . Nevertheless, we cannot rule out some role for endocytosis and recycling in the polarization of the membrane during mating.
Polarized distribution of membrane proteins during mating differs from budding in the sense that the polarization of the cell is not relying mainly on polarized secretion and the establishment of a diffusion barrier. In mating cells, proteins destined to the tip of the shmoo are selectively retained by a lipid raftdependent mechanism.
Ergosterol-sphingolipid rafts seem to be the major phase in the plasma membrane (24) . This finding has to be reconciled with the fact that the mating projection where they cluster (Fig.  3f ) accounts for only a small part of the cell surface. This issue is explained by the existence of different types of rafts; one type is clustered in the mating projection and contains shmoo tiplocalized proteins; another type is not clustered and is intercalated with detergent-soluble membranes (Fig. 7) . A similar phenomenon has been observed in migrating T cells where leading edge and uropod components segregate into specific rafts (40) . The question of how different lipid rafts are segregated in ␣-factor-polarized cells remains open. We propose that specific clustering of proteins destined to the tip of the shmoo might mediate their separation from the rest of the plasma membrane. Further work is needed to identify the proteins mediating this clustering in the tip of the shmoo. Fig. 7 . DRM-associated Hxt2 is excluded from the tip of the shmoo. Hxt2-GFP (MBY238) and Hxt2-PA (MBY242) were induced by shifting the cells to low (0.1%) dextrose. Cells were treated with 3 M ␣-factor for 3 h and processed as in Fig. 3 . Most of Hxt2-PA was found in the DRM fraction (R). Fig. 6 . Lipid biosynthetic mutants have reduced mating efficiency. Quantitative matings were performed at 24°C for 3 h as described (19) . The mating efficiency (diploids͞total cells) is given as the means of three experiments with SD. AAY1017 was used as a WT tester. Mating mutant kar1-1 strain (2339) was used as a control.
